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C-Man could be calibrated for an average human body, or for an average man, woman, adult or child. At this level, the model could be used as a tool for drug development and testing, to assess the physiological effects of changes in air quality and content, or to study how a human body responds to imposed or naturally occurring changes. C-Man could be used as an educational tool for students and professionals. If it included statistical distributions of parameters, it could be used to explore the bounds of possible body response. Now suppose we calibrate C-Man to an individual person. At this level, it could be used to evaluate or prescribe specific treatments for injury or illness. Because it runs much faster than real time on a desktop computer, it could be used in an emergency to select and tailor medical procedures and drug doses. After quickly testing a number of scenarios, C-Man could suggest or even select an optimized treatment. Perhaps, in the future, C-Man could be put on a chip and worn by a person. Then it could be online permanently for real-time diagnostics and monitoring for injury, illness, contamination, poisoning, or preexisting medical conditions. In this case, it might detect small changes that indicate eventual catastrophic events and then send appropriate warning.
A possible objection to developing C-Man is that the current level of computational technologies is simply not adequate for the task. To respond to this, we take a step back and consider one of the basic ideas underpinning the process of modeling of any complicated system (see, for example, Numerical Simulation of Reactive Flow, Cambridge Press, 2001). It is not always productive or necessary to compute the behavior of a physical system in three dimensions and from first physical, chemical, and biological principles. What we need is the simplest model we can construct which has just enough accuracy.
There are two extremes of modeling complicated systems: a global approach and a detailed approach. In a global approach, we describe the large-scale system behavior using efficient, relatively simple models. A detailed approach is an opposite modeling extreme in which we focus on smallscale processes. At that level, we do not need, or perhaps cannot afford to look at the larger picture. The detailed approach is what is now applied to many biological systems. We see models of one system, or part of a system or organ. The hope in these cases is that, if we can compute a large enough system with enough detail, we will learn something new and useful about the organ or system under scrutiny.
A global approach is necessary, however, when we do not know or cannot afford to compute details. It is the approach to take first when global conservation laws and constraints are known, and hypotheses can be tested against observations and physical consistency.
The Approach
The Computational Man is a global model that combines many individual components. Each component itself is a calibrated reduced-order model of a specific physiological system. Our hypothesis is that if we construct models of individual physiological systems, calibrate them with just enough detail and the right level of physical and chemical complexity, and couple the interactions of these different physiological systems, we will be able to predict the behavior and response of the entire system much more quickly than detailed models while retaining a level of accuracy appropriate to the applications.
We are suggesting this approach for C-Man based on results we have obtained for other extremely complex reactive-flow systems, ones for which we know that there are myriad chemical reactions and many different physical processes. We have learned from experience that when a suite of calibrated, reduced-order models of these individual processes are coupled, the total model reproduces observations both qualitatively and quantitatively. This multilevel approach has two main advantages over straightforward detailed modeling. First, the resulting numerical model is many orders of magnitude faster. Second, a systematically constructed global model can actually be more accurate than a detailed model because it is calibrated to reality at many points. Because of this, predictions of these coupled reduced-order models have gone far beyond simple interpolation, but are valid for a considerable range of extrapolation.
For C-Man, we are constructing reduced-order models, which are functional representations of individual physiological systems, and then coupling these models together. Each of the main physiological systems is being described as a physiological network, which is a reduced-order, lowdimensional representation that incorporates key geometric and connectivity features of the actual system. Increasing complexity is added as more networks are coupled. As C-Man grows, initial functional models may be replaced as needed by more complex, calibrated numerical models and phenomenologies (see Chapter 3, Numerical Simulation of Reactive Flow). For example, it will not be necessary to describe, or even understand, all the electrochemical aspects of muscle contraction to make the muscle contract and relax correctly. Such features can be input at the level at which they are known and needed.
Mathematically, each network is represented by a set of coupled partial differential or integral equations with appropriate boundary conditions, sources, sinks, and constraints. For example, the circulatory system is described by a set of quasi-one-dimensional partial differential equations for an incompressible, viscous liquid, which is blood. Blood flows through a network representing veins and arteries ("channels") with elastic walls where there are multiple branchings to smaller and larger channels. All of this is driven by a fluid-dynamic pump that simulates a heart with valves. The respiratory system is a gaseous fluid system in which air is drawn through passages into the lungs, where oxygen is extracted and transmitted to the blood, and carbon dioxide is taken from the blood.
Circulatory, respiratory, digestive, excretory, and lymphatic systems involve material transport, and thus they can be described by mathematical formalisms and solution techniques called Asymptotic Flow Networks (AFN). These networks use conservative continuity equations to describe how the body moves and processes liquids, gases, and solids. For an AFN describing a circulatory system to compute thousands of heartbeats a minute of computer time, we require a time step to advance the model equations of 0.01 seconds or greater. To achieve this, changes in pressure gradients along a vein or artery must be modeled by asymptotic methods, and acoustic waves, which transmit change in pressure throughout a system, should be treated implicitly.
The muscular, nervous, endocrine, and other systems may require more complex treatments than thoseused for the initial flow-based networks, Initially, however, these are treated more simply as driving terms controlled by local models. An example is muscle contractions that drive the heart, which, in turn, drives blood circulation. To cause a chamber or channel to contract, it is not necessary to model how muscles actually work or how nerve pulses propagate. There must also be appropriate external driving terms and interactions specified among the networks. One such major coupling interaction is the transpiration of oxygen and carbon dioxide between the circulatory and the respiratory networks.
Each physiological system has to be developed first at a rudimentary level of description that allow for upgrades without changing the fundamental mathematical representation or numerical implementation. From the individual networks, we assemble the Computational Man -an interaction of physiological, reduced-order network models. Coupling of the separate physiological networks has to be done carefully, along with extensive testing of the complete, evolving global model.
From the mathematical and programmatic points of view, constructing the Computational Man involves setting up an efficient model for each system and coupling these with well-established numerical techniques. Previous work has given us implicit methods and asymptotic algorithms for quickly solving either complex networks of flows or electrical signals with many branchings, sources, and sinks. These can be solved quickly on current small-scale computers, and we can count on even faster speeds in the future. The target speed for C-Man to be operationally practical is that it runs 20 to 50 times faster on a computer than they actually take in real time -that is, thousands of heartbeats per minute.
Mathematical Issues and Numerical Issues
Based on our previous and current research, we believe there are enough data available in the literature to create this model. Much of the initial work in this project involved collecting and determining an adequate description of enough physiological systems, and many colleagues have contributed to this. We have been formulating the overall problem in the last few years and conducting numerical tests of possible representations and numerical methodologies. In doing this, we have been able to identify a number of mathematical and numerical issues that are being addressed in a more systematic way.
Mathematical issues include how to represent flow moving from a single large channel (such as an artery) to many small channels and then to smaller channels (such as small capillaries), and then back again to a large channel. This is the problem of a fluid undergoing a transition from a convective flow to a diffusive flow, and back again. Another important issue involves imposing different types of boundary conditions and constraints to represent real-world drivers on the differential equations.
Numerical and computational issues include efficiently solving many nonlinear, interacting set of equations and networks of equations, how to start with a simple system but build it in a way that allows it to evolve into a more accurate one, and how to represent phenomena on ranges of time and space scales. Another issue involves display and analysis of the resulting data in a form that can be tested against observation without severely degrading the performance of the model.
Chances of Success
When a hypothesis or theory is proposed, we cannot say a priori whether it is correct. It needs to be tried and tested against observation. Here we are dealing with two hypotheses.
1. Hypothesis -The human body can be described as a complex, dynamic, reactive-flow problem on a system of coupled networks.
2. Hypothesis -When these networks are created and allowed to function at a reasonable level of complexity, accurate overall behavior will emerge from the complex nonlinear dynamic system.
Whether or not these hypotheses are shown to be entirely correct, there is an enormous amount to be learned along the route about the individual physiological systems and about the nature of their coupling. This information can have many different specific biological and medical applications and the payoff can be huge if there is some level of truth in either of the two hypotheses.
There are a number of reasons why we are optimistic about success using this approach and its underlying philosophy. One is that we already have a prototype asymptotic-implicit model of the circulatory system. The description includes simple interactions with musculature through prescriptions for heart contractions and the operation of valves. This model can compute thousands of heartbeats per minute on a single laptop (2.8 GHz) processor. This model computes the velocity of blood flow by combining an asymptotic solution, based on local pressure gradients, with an implicit treatment of sound waves, which transmit dynamic pressure changes throughout the system. The model is constructed from segments with variable areas, branchings, and different types of valves.
Perhaps the most compelling reason for our optimism and confidence is that we have had success with two other complex-geometry problems in the past: the analysis of the Mars Observer failure for NASA and analysis of proposed systems for enhanced oil-field gas recovery for Shell Oil. Each of these problems involved developing a model of many different channels, vessels, and their interconnections, interactions, and boundaries. For both problems, the flow in the geometrical segments were very different with respect to speed, content, and reactivity. These problems made it necessary to create the Pipeline Data Architecture (PDA), a data structure for complex fluid networks based on principles of graph theory in which topologically complicated inter-connecting geometrical spaces are mapped to one-dimensional arrays. An automated approach, through a graphical user interface, would then be used to specify geometry and increasingly complex spatial connections. C-Man will be much more complex than either of these applications, but computers have also improved by over a factor of one hundred in the interim. Foster provided much of the medical direction used in early stages of this program. Dr. Gregory Lakas continues to provide information that helps form our generic approach to this problem. The scientific staff of the Laboratory for Computational Physics and Fluid Dynamics provided an environment in which any numerical problem can be solved and any computer problem overcome. We thank NRL, ONR, DARPA, and DTRA/JSTO for supporting the development of the algorithms and capabilities being assembled and exercised in this effort.
Appendix: Extended Presentation of This Material
To describe this effort further, we have appended a presentation developed to explain the effort in more detail to NRL management (2002) 
LONG-TERM PROJECT OBJECTIVE
To create a dynamic, fluid-based, computational model of coupled physiological systems in a functioning human body. This is an extensive effort that will require many years to develop, test, and bring into use. It is an important effort that should have been started years ago, and, to our knowledge, has not been.
To create and demonstrate an initial version of the C-Man, consisting of (at least) two physiological systems (circulatory and respiratory) and their interactions.
OBJECTIVE OF CURRENT WORK
The model will be low-dimensional, very high-speed, and include representations of reaction kinetics, transport, electro-chemical, multiphase, and diffusion processes. Re p ra ory Syst m v rs n 1 10 000 L of a n p ed e ch d y Su fa e a a 80 m^2 -140 m^2 B at e abo t 16 t mes m n Lung we ght s bout 00 400 gms
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Approaches to Solving Convection-Diffusion Transition
Two approaches are being considered now --(1) Transition effected by spatial and temporal variation of coefficients in the Navier-Stokes equations:
(2) Transition to smaller pipes done through adjusting in the flow equations, where n is the number of channels and r is the radius, and u becomes the mean velocity u through the channels. Genesis of PIPELINE, a fuel-line network systems model. 
Structural Representation and Geometry Models

Why Should This Project Succeed? (1)
If the two hypotheses underpinning this work --1. The human body can be described as a complex, dynamic, reactive-flow problem on a system of coupled networks.
2. When these networks are created and allowed to function at a reasonable level of complexity, the predicted behavior will be qualitatively and quantitatively correct.
are even partially correct, there is an enormous amount to be learned! Any success means a large payoff in human health and lives.
* * (21)
Why Should This Project Succeed? (2)
There is a wealth of data to use to calibrate the model.
Medical personnel are eager to collaborate
We are experts at creating such models.
Although C-Man is more complex than our previous applications, computers have improved 100 fold in the interim!
